c Streptococcus suis serotype 2 is known to cause severe infections (meningitis, endocarditis, and septicemia) in pigs and is considered an emerging zoonotic agent. Antibiotics have long been used in the swine industry for disease treatment/prevention and growth promoters. This pattern of utilization resulted in the spread of antibiotic resistance in S. suis worldwide. Interestingly, pigs may harbor S. suis in their tonsils without developing diseases, while North American strains belonging to the sequence type 28 (ST28) are nonvirulent in animal models. Consequently, the aim of this study was to purify and characterize a bacteriocin produced by a nonvirulent strain of S. suis serotype 2, with a view to a potential therapeutic and preventive application. S. suis 90-1330 belonging to ST28 and previously shown to be nonvirulent in an animal model exhibited antibacterial activity toward all S. suis pathogenic isolates tested. The bacteriocin produced by this strain was purified to homogeneity by cationic exchange and reversed-phase fast protein liquid chromatography. Given its properties (molecular mass of <4 kDa, heat, pH and protease stability, and the presence of modified amino acids), the bacteriocin, named suicin 90-1330, belongs to the lantibiotic class. Using a DNA-binding fluorophore, the bacteriocin was found to possess a membrane permeabilization activity. When tested on other swine pathogens, the suicin showed activity against Staphylococcus hyicus and Staphylococcus aureus, whereas it was inactive against all Gram-negative bacteria tested. Amino acid sequencing of the purified bacteriocin showed homology (90.9% identity) with nisin U produced by Streptococcus uberis. The putative gene cluster involved in suicin production was amplified by PCR and sequence analysis revealed the presence of 11 open reading frames, including the structural gene and those required for the modification of amino acids, export, regulation, and immunity. Further studies will evaluate the ability of suicin 90-1330 or the producing strain to prevent experimental S. suis infections in pigs.
S
treptococcus suis has been associated with severe swine infections worldwide including, but not limited to, meningitis, arthritis, endocarditis, and septicemia (1) . In addition, this Grampositive bacterium is considered an emerging zoonotic agent that has caused severe outbreaks in Asia that affected hundreds of people (2) . To date, 35 serotypes of S. suis have been described and serotype 2 is the most commonly isolated from diseased pigs and humans (1) . Moreover, S. suis is classified into numerous sequence types (STs) by multilocus sequence typing (MLST) (3) . A recent study showed that, depending on the geographical area, European isolates of S. suis serotype 2 are mainly highly virulent ST1, whereas North American isolates are moderately virulent ST25 or low-virulence ST28 (4) . Over the last decade, a number of putative virulence factors produced by S. suis have been proposed, which allows the bacterium to colonize and invade the host tissues, to avoid destruction or neutralization by host defenses, and to promote inflammatory processes (5) .
Antibiotics have long been used in the swine industry for disease treatment/prevention as well as growth promoters (6, 7) . This pattern of utilization has likely contributed to the spread of antibiotic resistance and consequently resulted in increased regulation regarding the use of antibiotics in the swine industry. Although most strains of S. suis are still highly sensitive to penicillin and amoxicillin, resistances to macrolides, lincosamides, sulfonamides, and tetracyclines have been reported in up to 85% of strains (7, 8) . In addition, Wang et al. (9) recently identified a plasmid-borne cfr (chloramphenicol-florfenicol resistance) gene in a S. suis isolate. This gene encodes a 23S rRNA methyltransferase causing resistance to five chemically unrelated classes of antibiotics (10) . Resistance genes found in S. suis can be transmitted to other bacteria of the same species or across species. Moreover, through its zoonotic potential, S. suis might transfer resistance genes to human pathogens. Considering this threat, it has become a priority to identify alternative therapeutic and preventive strategies for infections caused by S. suis.
Bacteriocins, which are ribosomally synthesized antimicrobial peptides of bacterial origin, have been proposed as promising new agents for the treatment of diseases caused by pathogenic bacteria (11, 12) . Although bacteriocins may be active against a number of different bacterial species, they usually have a narrow spectrum of activity and target specific bacteria by inducing the formation of membrane pores (12) . Consequently, they offer the advantage of not perturbing the commensal microbial populations, a major side effect of classical antibiotics. Bacteriocins are also considered nontoxic for eukaryotic cells, and susceptible bacteria do not appear to be capable of developing effective mechanisms to resist these antimicrobial peptides (13) . Lantibiotics (class I bacteriocins) are a large family of low-molecular-weight, heat-stable bacteriocins containing unusual posttranslationally modified amino acids, such as lanthionine, methyllanthionine, didehydroalanine, and didehydrobutyrine, with thioether linkages that contribute to their high stability (14) . Lantibiotic biosynthesis is encoded by a gene cluster, which includes a structural gene for a prelantibiotic peptide, as well as genes required for the modification of amino acids, export, regulation, and immunity (14) . In a recent study, LeBel et al. (15) showed that all strains of S. suis tested were susceptible to the lantibiotic nisin A, which is currently the most important bacteriocin used commercially as a food preservative specially in dairy products in more than 50 countries (16) . Interestingly, synergistic effects of nisin A in combination with conventional antibiotics, including penicillin, amoxicillin, and ceftiofur, currently used in the swine industry were reported (15) .
Based on the fact that pigs may harbor S. suis in their tonsils without developing diseases (17, 18) and that strains belonging to ST28 and tested thus far are poorly virulent in animal models (4; unpublished observations), the aim of the present study was to purify and characterize a bacteriocin produced by a nonvirulent ST28 strain of S. suis serotype 2 in view of a potential therapeutic and preventive application.
MATERIALS AND METHODS
Bacterial strains and growth conditions. All strains of S. suis serotype 2 used in the present study, as well as their origins and STs, are listed in Table 1 . Bacteria were routinely grown aerobically under static conditions at 37°C in Todd-Hewitt broth (THB; BBL Microbiology Systems, Cockeysville, MD).
Plate diffusion assay for bacteriocin production. Overnight cultures of 12 strains of S. suis belonging to ST28 were spotted (2 l) onto ToddHewitt agar (THA; BBL Microbiology Systems) plates, which were incubated at 37°C for 24 h. The plates were then overlaid with THB soft agar (0.75% [wt/vol]) that had been inoculated (750 l in 7 ml) with a 24-h culture of indicator pathogenic strains of S. suis, and were further incubated at 37°C for 24 h. The zones of inhibition were measured from the edge of the growth of S. suis to the margin of the inhibitory zone.
Effect of carbon source and concentration on bacteriocin production by S. suis 90-1330. The nonvirulent strain 90-1330 was chosen among the tested strains (see Results). The culture medium for bacteriocin production by S. suis 90-1330 was optimized using the above plate diffusion assay and both S. suis 24 and MGGUS2 as indicator virulent strains. A basal culture medium made of 2% proteose-peptone, 1% yeast extract, 0.25% NaCl, 0.3% K 2 HPO 4 , 0.2% KH 2 PO 4 , 0.01% MgSO 4 ·7H 2 O, and 0.002% MnSO 4 ·7H 2 O at pH 7.0 was supplemented with various carbohydrates (fructose, glucose, lactose, and sucrose) at 1% (wt/vol). The carbohydrate showing the largest inhibitory zones was further tested at concentrations ranging from 5 to 0.0625%.
Purification of bacteriocin produced by S. suis 90-1330. S. suis 90-1330 was cultivated in 2 liters of the basal culture medium supplemented with 0.25% glucose and 0.01% Tween 80 (sorbitan polyoxyethylene monooleate; Sigma-Aldrich Canada Co., Oakville, Ontario, Canada). Tween 80 was added since it was shown to prevent bacteriocin adsorption to glassware and bacterial cells and thus to minimize bacteriocin loss (19) . After incubation at 37°C under aerobic conditions for 24 h, bacterial cells were removed by centrifugation (10,000 ϫ g for 15 min). Ammonium sulfate was slowly added to the culture supernatant to obtain 50% saturation, and the mixture was stirred at 4°C for 3 h. After centrifugation (14,000 ϫ g for 10 min), the precipitate was suspended in 30 ml of 50 mM phosphate-buffered saline (pH 7.2; PBS) and dialyzed (1,000-Da cutoff) overnight against 20 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 5.5) containing 0.01% Tween 80. The sample was then subjected to cationic exchange fast protein liquid chromatography (FPLC; MonoS 5/50 GL column; GE Healthcare, Baie d'Urfé, Quebec, Canada) using an ÄKTA Purifier system (GE Healthcare). Elution was performed at a flow rate of 1 ml/min using a linear gradient of KCl from 0 to 0.5 M. The active fractions were detected by spotting 5 l on the surfaces of THA plates inoculated with a lawn of S. suis virulent MGGUS2 strain (spot test plate assay). After growth at 37°C for 24 h, positive fractions showing an inhibitory zone were pooled and further dialyzed (1,000-Da cutoff) overnight against 0.01% trifluoroacetic acid (TFA) plus 10% acetonitrile. The resulting fraction was then subjected to reversed-phase FPLC (Source 15RPC column; GE Healthcare). Elution was performed at a flow rate of 1 ml/min using a linear gradient of acetonitrile from 10 to 60%. The acetonitrile and TFA were removed by a rotary evaporator prior to analyzing the fractions for bacteriocin activity using the spot test plate assay as described above. The active fractions were pooled, and 15% glycerol was added; the samples were then divided into aliquots (100 l) and stored at Ϫ80°C. Total purified bacteriocin was quantified as arbitrary units, which correspond to the reciprocal of the highest 2-fold serial dilution giving a clear inhibitory zone following application of 5 l of the bacteriocin solution on a lawn of S. suis MGGUS2. The total purified bacteriocin was also quantified by using a protein assay kit (Bio-Rad Laboratories, Mississauga, Ontario, Canada) with bovine serum albumin as a control.
SDS-PAGE analysis. The purified bacteriocin (0.3 g) was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 16.5% Tris-tricine gel (Bio-Rad Laboratories) and stained with silver nitrate. A gel was also fixed in 10% acetic acid-20% propanol (30 min) and washed thoroughly in sterile distilled water (three times for 30 min each time), and the bacteriocin activity was detected by using an overlay of soft agar medium inoculated with the indicator strain S. suis MGGUS2. Nisin A (Sigma-Aldrich Canada Co.) was used as a positive control.
Bacteriocin characterization. The susceptibility of the purified bacteriocin to temperature, pH, and enzymatic treatments was investigated using the spot test plate assay and S. suis virulent MGGUS2 strain as the indicator bacteria. To evaluate temperature stability, the purified bacteriocin was incubated at 45, 70, 100, or 121°C for 15 min prior to determining the bacteriocin activity. The effect of storing the bacteriocin at 4°C or room temperature for 1 week was also tested. To investigate the susceptibility to extreme pHs, the bacteriocin solution was adjusted to pH 2 or 11 by using 0.125 N HCl or 0.125 N NaOH, respectively. After 15 min at room temperature, the bacteriocin solution was diluted 1:2 in PBS to neutralize pH, and the bacteriocin activity was determined. Lastly, the proteolytic enzymes trypsin, ␣-chymotrypsin, and proteinase K (SigmaAldrich Canada Co.), each at a final concentration of 500 g/ml, were used to evaluate susceptibility of the bacteriocin to proteolytic cleavage. After incubation at 37°C for 1 h, the samples were treated for 5 min at 68°C to inactivate the enzymes, and the bacteriocin activity was determined. Lastly, the antibacterial activity of the purified bacteriocin was compared to that of commercial nisin A (Sigma-Aldrich Canada Co.) by determination of minimal inhibitory concentration (MIC; in g/ml) for S. suis MGGUS2. Membrane permeabilization assay. The ability of the purified bacteriocin to permeabilize the cytoplasmic membrane of S. suis MGGUS2 was evaluated using the SYTOX Green dye (Life Technologies, Inc., Burlington, Ontario, Canada), which binds to the nucleic acid of bacterial cells once the cytoplasmic membrane is compromised. Briefly, 1.25 M SYTOX Green dye was added to S. suis cells suspended in 10 mM HEPES (pH 7.0) to an optical density at 660 nm (OD 660 ) of 0.4. Aliquots of 100 l were added to wells of a 96-well black microplate prior to adding 10 l of a 1:10 dilution of the purified bacteriocin fraction. The incubation was carried out in a microplate reader (Synergy 2; BioTek Instruments, Winooski, VT) at 37°C for 20 min, and the fluorescence resulting from the binding of the dye to bacterial DNA was recorded every 2 min following excitation at 485 nm and emission at 528 nm. Ethanol (70%) and boiled bacteria were used as positive controls. A reaction mixture containing HEPES instead of purified bacteriocin was used for the negative control.
Activity spectrum of the purified bacteriocin. Several swine pathogens were tested in the spot test plate assay to evaluate the activity spectrum of the purified bacteriocin. Actinobacillus pleuropneumoniae serotype 5b strain 81-750 was cultivated on THA plate supplemented with NAD (NAD; 20 g/ml), while Actinobacillus suis JG-2 was grown on blood-supplemented THA plate. Haemophilus parasuis 99-9048-B and Bordetella bronchiseptica ATCC 19395 were cultivated on THA plates supplemented with NAD and hemin (10 g/ml) or NAD and cysteine (400 g/ml), respectively. Escherichia coli P82-862, Pasteurella multocida ATCC 12948, Staphylococcus aureus ATCC 25923, and Staphylococcus hyicus ATCC 11249 were grown on THA plates. All cultures were incubated for 24 h at 37°C in aerobiosis.
Amino acid sequencing. The purified bacteriocin was subjected to SDS-PAGE as described above and then electroblotted onto a polyvinylidene difluoride (PVDF) membrane. The bacteriocin band, localized based on the migration of molecular mass markers, was excised and transferred into a microtube. Ethanethiol derivatization of posttranslationally modified amino acids of the PVDF-blotted bacteriocin was carried out as previously described by Meyer et al. (20) . In an anaerobic chamber, 200 l of a reaction mixture containing 280 l of methanol, 200 l of H 2 O, 65 l of 5 M NaOH, and 60 l of ethanethiol was added. After incubation at 50°C for 1 h, the solution was acidified by adding 66 l of 70% (vol/vol) formic acid, and the bacteriocin-blotted PVDF membrane was vacuum dried. The treated bacteriocin was then sent to the SPARC BioCentre (The Hospital for Sick Children, Toronto, Ontario, Canada) and subjected to Edman degradation using an Applied Biosystems ABI 492 Procise cLC sequencer (Life Technologies, Inc.).
Identification of the putative gene cluster encoding the putative bacteriocin 90-1330. The putative gene cluster encoding the bacteriocin 90-1330 was identified using the BActeriocin GEnome mining tooL (BAGEL3; http://bagel.molgenrug.nl) (21) . Using this approach, public sequenced genomes of S. suis serotype 2 strains reported in National Center for Biotechnology (NCBI) databases (www.ncbi.nlm.nih.gov) were analyzed for the presence of genes related to previously published bacteriocins. The putative bacteriocin locus that was identified was used to design primers for gene amplification using genomic DNA extracted from S. suis 90-1330. Sequencing of the putative bacteriocin 90-1330 locus, as well as BLAST homology, was then performed.
Distribution of sslA gene in S. suis strains. Using a PCR approach, selected S. suis strains were tested for the presence of the sslA gene identified in the bacteriocin-producing strain 90-1330 and which encodes for the prepeptide bacteriocin. PCRs consisted of 40.8 l of PCR-grade water, 5 l of 10ϫ buffer, 1 l of nucleotide mix, 0.6 l each of the appropriate forward (G48, 5=-AAACAACTCAGGAGCTTCAC-3=) and reverse (G130R, 5=-CACAGGTCATCAAAATACCC-3=) primers, 1 l of Taq polymerase (5U/l), and 1 l of genomic DNA as the template. The PCR was performed with a DNA Thermal Cycler 480 (Perkin-Elmer, Waltham, MA) according to the EconoTaq reaction protocol of Lucigen Corp. (Middleton, WI). The reaction was carried out for 30 cycles with the following temperature-time profile: 95°C for 1 min, 50°C for 1 min, and 72°C for 1 min. At the end of the amplification process, the samples were incubated at 72°C for 3 min. A 1% agarose gel was used to analyze the PCR products.
In vitro safety assessment of S. suis 90-1330. First, the presence of virulence factor genes coding for suilysin (sly) and extracellular protein factor (epf) in S. suis 90-1330 was evaluated by PCR as described above. The pathogenic strain S. suis P1/7 (serotype 2) and the glutamate dehydrogenase (gdh) gene were used as positive controls. The sequences of the forward and reverse primers used for the PCR were as follows: SLY358 (5=-TTGAATATTGACATGAAGATTGCGA-3=) and SLY455R (5=-AAG CTGGAGAAGAAGTTTGGGAACC-3=), respectively, for sly; EF1274 (5=-CTAAACGTAACTTGGAATTTGTAAG-3=) and EF1435R (5=-AGCCAT AAGTAAGATTATTTGATCC-3=), respectively, for epf; and GDH645 (5=-TTTGGTTTACTTCACTGATAACATG-3=) and GDH794R (5=-GAG TCTGAAACAGAAATAACTTTTG-3=), respectively, for gdh. The reaction was carried out for 30 cycles with the following temperature-time profile: 95°C for 1 min, 50°C for 1 min, and 72°C for 30 s. At the end of the amplification process, the samples were incubated at 72°C for 3 min. Second, the susceptibility of S. suis 90-1330 to common antibiotics (penicillin G and amoxicillin) used in the swine industry was determined as follows. Briefly, a 24-h bacterial culture in THB was diluted in fresh broth medium to obtain an OD 660 of 0.2. Equal volumes (100 l) of bacteria and serial dilutions of antibiotics in THB were mixed into the wells of 96-well plates. Control wells with no bacteria or no antibiotics were also prepared. After an incubation of 24 h at 37°C, bacterial growth was recorded visually. MIC values (g/ml) were determined as the lowest concentration at which no growth occurred. To determine minimal bactericidal concentration (MBC) values (g/ml), aliquots (5 l) of each well showing no visible growth were spread on THA plates, which were incubated 24 h at 37°C. MBCs were determined as the lowest concentration at which no colony formation occurred. The MIC and MBC values were determined in three independent experiments.
RESULTS
Since evidence has been brought that S. suis isolates belonging to ST28 present lower virulence potential (4), these strains have been chosen in the present study to be screened for the production of bacteriocin activity toward S. suis 24, a virulent ST1 isolate (22) used as indicator strain, using a plate diffusion assay. Two strains of S. suis (90-1330 and MGGUS13) exhibited a strong antibacterial activity (inhibitory zones of 5 mm). The strains 90-1330 and MGGUS13 were then further tested in a similar assay for their capacity to inhibit a large array of virulent S. suis strains isolated from diseased pigs. These latter strains belong to either sequence type 1 (ST1) or sequence type 25 (ST25) ( Table 1) , which are known to be highly or moderately virulent in animal models, respectively (4; unpublished data). As depicted in Fig. 1 , both S. suis 90-1330 and MGGUS13 produced inhibitory zones of various degrees against all strains tested (n ϭ 15). The inhibitory zones produced by S. suis 90-1330 and MGGUS13 were in most cases comparable. Interestingly, both strains showed cross-immunity to each other, suggesting that the bacteriocins produced may be similar or closely related. Given that a previous study by Quessy et al. (23) showed that S. suis 90-1330 is avirulent in both mouse and pig models of infection, this strain was selected for bacteriocin purification and characterization.
Bacteriocin production by S. suis 90-1330 in a basal culture medium supplemented with various carbohydrates was evaluated. The data reported in Table 2 indicate that when carbohydrates were used at 1%, the largest inhibitory zones toward S. suis 24 and MGGUS2 were obtained with glucose. When glucose was used at various concentrations, few variations in the inhibitory zones were observed. More specifically, the basal medium supplemented with 0.25% glucose produced inhibitory zones of 9 mm for both indicator strains (Table 2) . Therefore, this medium markedly increased bacteriocin production by S. suis 90-1330, considering that THA plates gave inhibitory zones of 5 and 7 mm for S. suis 24 and MGGUS2 (Table 2 , Fig. 1 ), respectively.
S. suis 90-1330 was cultured in the above optimized medium (2 liters) and proteins present in the supernatant were precipitated with ammonium sulfate at 50% saturation. This fraction was subjected to cationic exchange and reversed-phase FPLC. Bacteriocin activity recovered from the reversed-phase FPLC eluted in a single peak and Tris-tricine-SDS-PAGE analysis of the purified fraction yielded a single band stained by silver nitrate and migrating similarly to the commercial lantibiotic nisin A, which is known to have a molecular mass of 3,354 Da ( Fig. 2A) . No evidential protein contaminants appear to be present in the purified fraction. An overlay with the indicator strain (MGGUS2) correlated bacteriocin activity with the protein band (Fig. 2B) . From the 2-liter culture of S. suis 90-1330, the purification protocol allowed the recovery of 17,280 arbitrary units of bacteriocin, as defined in Materials and Methods, corresponding to 156 g of protein.
The purified bacteriocin was subjected to various treatments to determine its stability ( Table 3 ). The results of the heat stability assay showed that the bacteriocin was highly heat stable as the antibacterial activity was still detected even after treatment at 121°C for 15 min. In addition, storage at room temperature for 1 week did not reduce antibacterial activity. The bacteriocin was also found to be stable under a wide range of pH since there was no reduction in antibacterial activity observed after exposure at pH 2 and 11. Lastly, treatment of the purified bacteriocin with proteolytic enzymes (trypsin, chymotrypsin, and proteinase K) did not show detectable reduction in its antibacterial activity. In order to assess the relative antibacterial activity of the purified bacteriocin, the MIC (S. suis MGGUS2) was determined and compared to that of commercial nisin A. The purified bacteriocin showed an MIC of 0.47 g/ml, while that of nisin A was 2.5 g/ml.
The ability of the purified bacteriocin to permeabilize the membrane of the indicator strain S. suis MGGUS2 was investigated using the SYTOX Green dye, which can penetrate damaged cytoplasmic membranes and has high affinity for DNA. As shown in Fig. 3 , following the addition of either purified bacteriocin or ethanol (positive control), an increase in fluorescence was observed time dependently, indicating permeabilization of the membrane. No increase in fluorescence occurred in the negative control, while the entry of SYTOX Green dye occurred instantaneously for boiled cells.
In order to evaluate its activity spectrum, the antibacterial effect of the purified bacteriocin was tested against different Grampositive and Gram-negative bacterial species known to cause infections in swine. As reported in Table 3 , the bacteriocin was active against both Gram-positive bacteria (S. aureus and S. hyicus), while it did not show any detectable activity against all Gramnegative bacteria tested.
Peptide sequencing of the purified bacteriocin was carried out by Edman degradation. When chemical treatment of the sample was not performed, the Edman degradation was blocked after the first residue, suggesting the presence of modified amino acids commonly found in bacteriocin belonging to the class of lantibiotics. Upon chemical derivatization of putative dehydrated amino acids and methyllanthionine/lanthionine bridges by alkaline ethanethiol, Edman degradation of the first 18 amino acids of the purified bacteriocin yielded the following sequence: Val 1 -Dhb or MeLan(Thr) 2 -X(Ser or Cys or Thr) 3 -Lys 4 -X(Ser or Cys or Thr) 5 Leu 6 -X(Cys or Ser or Thr) 7 -Dhb or MeLan(Thr) 8 -Pro 9 -Gly 10 -X(Cys or Ser or Thr) 11 -Lys 12 -X(Thr) 13 -Gly 14 -Ile 15 -Leu 16 -Met 17 -Dhb(Thr) 18 . None of the modified amino acids (residues 2, 3, 5, 7, (24), a strong similarity of the above 18-amino-acid sequence with the lantibiotic nisin U produced by Streptococcus uberis (25) was highlighted. Published genomes of S. suis were then analyzed with BAGEL3 for the presence of bacteriocin-related genes. One strain (JS14) showed the presence of a gene with a high homology (91%) with nsuA encoding nisin U in S. uberis. Further analysis of the JS14 genome revealed the presence of a complete lantibiotic biosynthesis locus. Based on this gene locus identified in strain JS14, primers were designed for PCR amplification in S. suis 90-1330. After sequencing, the complete sslA (for Streptococcus suis lantibiotic A) gene cluster of S. suis 90-1330 was identified and found to contain 11 open reading frames (ORFs) involved in bacteriocin production. As reported in Fig. 4 , the locus encodes the suicin 90-1330 precursor (sslA), a dehydratase involved in lantibiotic synthesis (sslB), an ABC transporter (sslT), a cyclase involved in lantibiotic synthesis (sslC), a protease involved in proteolytic cleavage of the leader peptide (sslP), a response regulator (sslR), a sensor histidine kinase (sslK), and four immunity proteins (sslF, sslE, sslG, and sslI). A small ORF, likely unrelated to bacteriocin production, was located before the sslA gene. This gene showed 98% identity with a gene encoding a hypothetical protein identified in Streptococcus agalactiae ATCC 13813 (data not shown). Table 4 reports the percent identities of these S. suis genes with the corresponding genes found in S. uberis. For all 11 genes, the percent identities ranged from 79.2 to 94.2%.
From the structural gene of suicin 90-1330 (sslA), the inferred amino acid sequence of the leader peptide contains 24 amino acids, while that of mature unmodified peptide consists of 31 amino acids (Fig. 5) . Comparison of the SslA amino acid sequence to previously characterized lantibiotics highlighted high levels of homology with nisin U and, to a lesser extent, with nisin A and nisin Q (Fig. 5) . A much lower homology was observed with salivaricin D and N, more particularly for the mature unmodified peptide.
Based on the inferred amino acid sequence, the amino acid sequencing of the purified bacteriocin, as well as its high homology with nisin U, the predicted structure of the suicin 90-1330 can be deducted. As shown in Fig. 6 , the suicin 90-1330 contains 13 modified amino acids, as well as 1 lanthionine and 4 methyllanthionine bridges. Among the 18 nonmodified amino acids identified, 10 were hydrophobic amino acid residues (Ala, Ile, Leu, Met, Phe, Pro, and Val), and 4 were cationic amino acid residues (His and Lys).
The presence of the structural bacteriocin gene sslA in various strains of S. suis was investigated by PCR. As shown in Fig. 7 , in addition to 90-1330, the second ST28, bacteriocin-producing strain MGGUS13 also possessed the sslA gene, thus confirming that both strains are secreting the same bacteriocin. None of the other isolates of S. suis tested had the gene. All of these strains were also unable to produce bacteriocin activity (data not shown).
Given that the bacteriocin-producing S. suis strain 90-1330 may have potential probiotic and protective applications, it was of interest to evaluate some safety parameters. First, the presence of two important virulence factor genes, namely, sly (suilysin) and epf (extracellular protein factor), was investigated. As shown in Fig. 8 , PCR amplification using specific primers showed that strain 90-1330 did not possess sly and epf genes, while the virulence factor genes were present in the pathogenic isolate S. suis P1/7. The gdh gene used as control was detected in both strains. Second, the susceptibility of S. suis 90-1330 to antibiotics commonly used in the swine industry was evaluated. This strain was highly sensitive to both penicillin G and amoxicillin, with MIC and MBC values in the range of 0.0195 to 0.078 g/ml.
DISCUSSION
S. suis is becoming increasingly resistant to several antibiotics, more specifically to macrolides, tetracyclines, and lincosamides (5, 6) . One strategy to overcome this problem is to look for new antimicrobial agents. In this regard, bacteriocins, which are ribosomally synthesized antimicrobial peptides of bacterial origin, have been proposed to represent a promising alternative for the treatment of infectious diseases (9, 10) . In a preliminary report, Mélançon and Grenier (26) were the first to report the ability of some isolates of S. suis to produce inhibitory substances not related to organic acids or hydrogen peroxide and showing characteristics related to classical bacteriocins. In the present study, we first sought to identify a nonpathogenic strain of S. suis with the capacity to produce a bacteriocin and then to purify and characterize the bacteriocin as well as the genes involved in its biosynthesis. Two of twelve strains of S. suis belonging to ST28 were found to exert bacteriocin-mediated antibacterial activity toward pathogenic strains of S. suis serotype 2. Given that a previous study reported that S. suis 90-1330 was avirulent in an animal model (23) , this strain was selected for further analysis. Bacteriocin production by S. suis 90-1330 was found to be modulated by the composition of the culture medium, and among the carbohydrates tested, glucose allowed the highest production. Although the production of many bacteriocins is controlled by quorum sensing and produced in larger amounts when bacteria were grown on solid media, the bacteriocin produced by S. suis 90-1330 was secreted in sufficient amounts when cultured in liquid media to allow a good yield of recovery. This bacteriocin produced by S. suis 90-1330 was purified to homogeneity by cationic exchange and reversed-phase chromatography from a supernatant of bacteria grown in the above optimal medium. The bacteriocin showed a molecular mass of ϳ3.4 kDa and was highly stable to heat, pH, and proteolytic treatments. This high resistance to low pH and proteolytic enzymes is of great interest if the bacteriocin or the producing strain is used for therapy. Amino acid sequencing of the purified bacteriocin by Edman degradation revealed the presence of modified amino acid residues, indicating that it belongs to the lantibiotic class. These modified amino acids are involved in the high resistance of the peptide to extreme pHs and proteases.
We then assessed depolarization of the cytoplasmic membrane of susceptible S. suis induced by suicin 90-1330 using the DNAbinding SYTOX Green fluorescent dye. Treatment of bacteria with the bacteriocin caused permeabilization of the cell membrane, resulting in the uptake of fluorescent dye. This is in agreement with the mode of action previously reported for lantibiotics. Indeed, nisin A has a high affinity for lipid II, which is a major constituent of the cell membrane of Gram-positive bacteria that is involved in the biosynthesis of the peptidoglycan (27, 28) . This binding induces pore formation, leading to the rapid depolarization of membrane potential, as well as efflux of the cytoplasmic components (29) .
The antibacterial spectrum of the suicin 90-1330 is not restricted to S. suis since the other Gram-positive swine pathogens tested (S. aureus and S. hyicus) were found to be susceptible. However, the bacteriocin did not show any detectable activity against the Gram-negative pathogens tested. This is in agreement with the fact that lantibiotics are well known to act mainly against Grampositive bacteria (14) . However, a larger array of bacterial species should be tested to confirm that the suicin 90-1330 has a narrow activity spectrum. A comparative analysis of the amino acid sequence of suicin 90-1330 with previously characterized lantibiotics revealed a high homology with the nisin U produced by S. uberis (25) . More specifically, it differs in only two amino acids in the leader peptide (24 residues) and in 3 amino acids in the unmodified mature peptide (31 residues). Given that the suicin 90-1330 shares a high homology with nisin U and to a lesser extent with nisin A and Q, it may be regarded as a variant of this family of lantibiotics. Natural variants usually have only a few amino acids substitutions and the same ring pattern, as observed for the bacteriocin 90-1330. Interestingly, using the plate diffusion assay, the nisin A-producing Lactococcus lactis (ATCC 11454) was found to be immunized against the suicin produced by S. suis 90-1330. On the other hand, S. suis 90-1330 did not show complete immunity against the nisin A produced by L. lactis, although it appears more resistant than strains negative for suicin production (data not shown).
Using a PCR approach, the complete gene locus of suicin 90-1330 was identified. More specifically, the cluster consists in a structural gene named sslA, together with genes sslC and sslB, involved in posttranslational modifications of the suicin 90-1330 prepeptide, sslP responsible for proteolytic cleavage of the prepeptide, and sslT coding for a transporter. The immunity genes sslE, sslF, sslG, and sslI, as well as the regulatory genes sslR, and sslK, were also present. The structural gene sslA encodes a mature peptide of 31 amino acids containing serine/threonine/cysteine residues capable of generating modified amino acids as well as lanthionine and methyllanthionine structures. The suicin 90-1330 locus contains all of the genes present in the nisin U locus in a similar arrangement. Recently, Wang et al. (30) identified a putative lantibiotic locus containing nine genes in highly virulent serotype strains. However, no bacteriocin activity could be detected because the putative lantibiotic modification gene (suiM) was interrupted through insertion of a 7.9-kb integron, while other biosynthesis-related genes contained various frameshift mutations. The structural gene of this bacteriocin encoded a 57 amino acids precursor peptide consisting of a 24-amino-acid leader peptide and a 33-aminoacid mature peptide. The product of this structural gene showed a low level of homology (22%) with that of the sslA gene of S. suis 90-1330.
In the present study, a second strain of S. suis (MGGUS13) belonging to ST28 was also found to produce a bacteriocin. This bacteriocin is likely similar to the suicin 90-1330 since (i) the sslA gene was identified in strain MGGUS13 and (ii) cross-immunity was observed when each of the producing strain were tested for sensitivity with both strains, suggesting that the complete ssl operon, including the immunity proteins was present in the MGGUS13 strain also.
Since bacteriocin production is considered a probiotic feature, the strain S. suis 90-1330 can be regarded as a candidate for probiotic therapy. However, in order to be used, the safety of the strain should be demonstrated. Our study showed that this strain was devoid of two important virulence factors (suilysin and extracellular protein factor) that have been associated with the virulence of S. suis (5) . To further support the safety of S. suis 90-1330, a previous study by Quessy et al. (23) showed that it is avirulent in both mouse and pig models of infection. Moreover, protection against S. suis serotype 2 infection was demonstrated in pigs after vaccination with the live avirulent strain 90-1330 (31) . We also showed that this strain was highly susceptible to antibiotics (penicillin G and amoxicillin) currently used in the swine industry. Taken together, these characteristics suggest that S. suis 90-1330 may be regarded as a safe strain, although additional animal studies deserve to be carried out.
Although the use of bacteriocins for controlling swine infections has not been investigated, there are some studies regarding the potential of bacteriocins to reduce Campylobacter spp. from colonized chicken in order to reduce the risk of human exposure to this pathogen (32) . More specifically, Svetoch et al. (33) reported that a bacteriocin produced by a strain of Enterococcus faecium (isolated from broiler chicken cecum) significantly reduced Campylobacter jejuni colonization in chicken intestine when added in drinking water. Moreover, Cao et al. (34) brought evidence regarding the effectiveness of nisin for treating bovine mastitis caused by S. aureus. Future research should evaluate whether the suicin 90-1330 or the producing strain could be used as a therapeutic agent targeting S. suis or other Gram-positive pathogens such as S. aureus and S. hyicus.
In conclusion, a nonvirulent ST28 strain (90-1330) of S. suis serotype 2 was found to produce a bacteriocin belonging to the lantibiotic family. Characterization of the purified bacteriocin (named suicin 90-1330) at both protein and genetic levels revealed a high homology with nisin U. Further studies will evaluate the ability of suicin 90-1330 or the producing strain to prevent experimental S. suis infections in pigs.
